EMS, to divide A/P and to produce a posterior descenspecifies endoderm and orients the division axis of dant that gives rise to the entire endoderm of the animal.
of src-1 causes a recessive maternal effect embryonic The mes-1 gene encodes a probable transmembrane lethal phenotype. Consistent with the idea that this emprotein with overall structural similarity to receptor tyrobryonic lethal phenotype represents a loss-of-function sine kinase and was previously described as a factor phenotype for src-1, we found that RNAi targeting src-1 required for proper asymmetry and cell fate specificainduced an identical embryonic lethal phenotype (see tion in embryonic germlineage (Berkowitz and Strome, below). Homozygous src-1(cj293) hermaphrodites are 2000). Null mutations in mes-1 cause a maternal-effect themselves viable but produce inviable embryos. These sterile phenotype in which the progeny of homozygous src-1(cj293)-arrested embryos contain well-differentimothers are viable but mature without germcells. Most ated tissues including hypodermis, muscle, pharynx, cell types are specified properly in mes-1 sterile animals, and intestine, but these embryos fail to undergo body but the germline cell named P4 adopts the fate of its morphogenesis (Figures 2A-2F ; see Experimental Prosister cell, a muscle precursor, called D and produces cedures). ectopic muscle at the expense of the germline (Strome During early development, src-1 embryos exhibit noret al., 1995). Interestingly, MES-1 protein is localized mal initial asymmetries in blastomere size and division intensely at the contact site between the germline blastiming and exhibit a wild-type pattern of cell division tomere and intestinal precursor at each early developaxes until the six-cell stage (data not shown). All of the mental stage, starting from the four-cell stage where src-1 mutant embryos examined specified endoderm, MES-1 is localized at the contact site between P2 and and laser ablation studies indicated that endoderm was EMS (Berkowitz and Strome, 2000). specified correctly in posterior descendant of the EMS blastomere, the E blastomere (Table 1 , and data not Here, we show that an intense phosphotyrosine signal shown). Approximately 15% of src-1(cj293) embryos exthat depends on mes-1(ϩ) activity is correlated with hibited a L/R rather than A/P EMS division resulting in MES-1 protein localization. We show that MES-1 is re-L/R daughters that both contact the P2 cell (Table 1) . quired in both P2 and EMS and appears to act through Approximately 60% of src-1 embryos exhibited a a second gene, src-1, a homolog of the vertebrate proskewed A/P-L/R division ( Figure 2H ). In these skewed tooncogene c-Src pp60 (Takeya and Hanafusa, 1983) . We EMS divisions, although the spindle began to elongate describe a probable null mutant of src-1 that exhibits a at a L/R angle, it ultimately aligned with the A/P axis to fully penetrant maternal-effect embryonic lethal phenoproduce daughters that occupy A/P positions that were type. The src-1 and mes-1 mutants exhibit similar germwithin the norm for wild-type (data not shown). This line defects and have a nearly identical set of genetic skewed division axis phenotype was similar to a defect interactions with Wnt/Wg pathway components. We observed in many Wnt pathway mutants (Schlesinger show that double mutants between mes-1 or src-1 and et al., 1999). each of several Wnt/Wg signaling components exhibit In addition to the defects in the EMS division axis, a complete loss of P2/EMS signaling, including a loss src-1 mutant embryos exhibit alterations in the divisions of the A/P division orientation in the EMS cell. Finally, of the germline blastomeres P2, P3, and P4. For examwe show that mes-1 functions in both EMS and P2 to ple, the P3 cell which normally is smaller than, and didirect MES-1 protein localization at EMS/P2 junction vides after, its sister cell, named C, was instead equal and to specify A/P cleavage orientation in the EMS cell, to C in size in 5 of 37 embryos examined and divided while src-1 is required cell autonomously in EMS for the at the same time as C in one of eight embryos examined. induction of the EMS A/P division axis. Our findings Similarly, P4 was equal in size to its somatic sister cell, suggest that a homotypic interaction between MES-1-D, in 19 of 37 embryos examined and five out of eight expressing cells, P2 and EMS, induces a SRC-1-mediembryos exhibited a precocious P4 division. Consistent ated phosphotyrosine signaling pathway that functions with transformation from a P4 to a D cell fate, we obin parallel with Wnt/Wg signaling to specify endoderm served muscle differentiation in 18 out of 20 P4 cells and to orient the division axis of EMS in early C. elegans isolated by laser ablation (data not shown; see Experimental Procedures). We stained src-1 embryos with the embryos. antibody K76, which recognizes the normally germline morphogenesis might be provided either maternally or zygotically. We therefore mated homozygous srcspecific P granules. In wild-type embryos, K76 only stains the P lineage cells, P0, P1, P2, P3, and P4, and 1(cj293) mothers with wild-type males and analyzed the phenotypes of the resulting heterozygous crossprogeny at hatching stains only the daughters of P4, Z2 and Z3 (Strome and Wood, 1982). In src-1 mutant embryos, we embryos. We found that these src-1/ϩ progeny of src-1 homozygous mothers were partially rescued for their found that the P granules were segregated properly to P1 and P2 but were frequently missegregated to both morphogenesis defects, and approximately 10% (n ϭ 2160) hatched, while 40% (n ϭ 77) underwent extensive daughters of P2 and P3 as well as to their descendants (Figures 2I-2L ; Table 2 ). Taken together, these findings body morphogenesis but failed to hatch. The zygotically rescued src-1/ϩ progeny exhibited a spectrum of postsuggest that SRC-1 is required in the early embryo for proper orientation of the EMS cell division and for proper embryonic phenotypes including larval lethality and sterility; however, rare fertile adults were also observed. In asymmetry in the P2 and P3 divisions.
We wondered if the morphogenesis defect of src-1 contrast, the early phenotypes including EMS division orientation defects and the P granule localization deembryos was caused by the mispositioning of blastomeres due to the early defects in asymmetric divisions, fects were not rescued in the src-1/ϩ embryos. For example, we found that 16% (n ϭ 18) of EMS blastoor instead might reflect a second independent role for src-1 in morphogenesis. We reasoned that the early role meres examined in src-1/ϩ embryos divided L/R, and 78% (n ϭ 63) of terminally arrested embryos exhibited for src-1(ϩ) in asymmetric division was likely to require maternal src-1(ϩ) activity, while the later function in mislocalized P granules. These findings indicate that The germline phenotypes observed in src-1 mutant embryos appeared similar to phenotypes associated with morphogenesis. src-1(cj293) 15 (59) 0 (n Ͼ 500) src-1(RNAi) 10 (42) 0 (n Ͼ 500) mes-1(bn74) 0 (28) 0 (n Ͼ 500) mes-1(RNAi) 0 (17) 0 (n Ͼ 500) src-1(RNAi);mes-1(bn74)
13 ( loss-of-function alleles of a previously described gene, exhibited a fully L/R EMS division axis, we did not observe L/R EMS divisions in the mes-1 mutant embryos mes-1. Like src-1 mutants, mutations in mes-1 lead to defects in the asymmetric divisions that give rise to the examined (Table 1) . Furthermore, unlike src-1 mutants, the majority (Ͼ85%) of mes-1 mutants properly execute germline blastomere P4. In mes-1 mutants, P2 and P3 exhibit a partial loss of polarity and the P granules are morphogenesis and develop into sterile adults (Strome et al., 1995). mislocalized to both descendants of these divisions (Strome et al., 1995). Also as observed in src-1 mutants, Since both SRC-1 and MES-1 are related to protein tyrosine kinases, we asked if phosphotyrosine, pTyr, we found that 63% (n ϭ 27) of mes-1 mutant embryos exhibited an initially skewed alignment of the EMS spinstaining in the early embryo was correlated with their activities. We found that the pTyr-specific monoclonal dle. However, whereas 15% of src-1 mutant embryos penetrant phenotype observed in mutants of several Table  1 ). The L/R division in EMS appeared to result from a failure of the nascent mitotic apparatus to rotate onto antibody, pY99, stained cell-cell contact sites both in the A/P axis prior to division. As in wild-type embryos, early embryo and throughout development ( Figure 3A we observed that the newly duplicated centrosomes in and data not shown). Interestingly, at the four-cell stage EMS migrated properly around the nuclear envelope in wild-type embryos, the junctional pTyr staining beending up positioned correctly on the L/R axis, orthagotween P2 and EMS was enhanced relative to other connal to the previous A/P division axis. In wild-type emtact sites ( Figures 3A, 3C 
Procedures) and a fully L/R division axis in EMS (

and data not shown). (data not shown).
Synergy was observed between mes-1 or src-1 muWe next asked if this enhanced pTyr staining required tants and each of the following previously described mes-1(ϩ) and src-1(ϩ) activities. We found that throughmutants: mom-1 (Porcupine), mom-2 (Wnt/Wg), mom-5 out the four-cell stage mes-1 mutants exhibited normal (Frizzled), sgg-1 (GSK-3), and mom-3 (uncloned). In levels of pTyr staining at other cell junctions but exhibaddition, we observed identical synergies in the phenoited a reduced level of staining at the P2/EMS junction types of embryos produced by mes-1 or src-1 homozy-(compare Figures 3E and 3F to Figures 3G and 3H) .
gotes after injection with a mixture of two doubleLikewise, pTyr staining was reduced at the P3/E and stranded RNAs targeting the C. elegans Disheveled P4/Ep contact sites (data not shown). In contrast, src-1 homologs dsh-2 (C27A2.6) and mig-5 (T05C12.6). RNAi mutants exhibited greatly reduced, uniformly low levels targeting these Disheveled homologs individually did of pTyr staining at all cell contact sites, both throughout not induce visible defects in P2/EMS signaling (Table 1  the duced by homozygous mothers correctly specified Consistent with this idea, we found that MES-1 protein intestine from the posterior daughter of EMS and 100% localization did not depend on SRC-1 activity (data not of the EMS blastomeres lineaged produced A/P daughshown). Furthermore, we found that double mutants beters. Thus, the less penetrant maternal-effect gutless tween mes-1(bn74) and src-1(cj293) did not exhibit enphenotype of mom-5 mutants partially suppresses the hanced or novel phenotypes and instead appeared idenmore penetrant gutless phenotype of mom-2 mutants tical to src-1 single mutants (Table 1) 
B-D) A single embryo is shown stained with MES-1 specific antibody (B) and with pY99 antibody (C). The merged image (D) reveals extensive overlap (yellow) at the junction between EMS and P2. (E-J) Genetic analysis of phosphotyrosine localization during the four-cell stage in wild-type embryos (E and F), mes-1 mutant embryos (G and H), and src-1 mutant embryos (I and J). Confocal microscopy was used to image phosphotyrosine, pY99, staining (red), and interphase nuclei (green). Nuclei were stained using an antibody that recognizes an epitope absent in mitotic cells (anterior and dorsal two cells in [F], [H], and [J]).
1997). Double mutants between mom-1 and mom-2 do together downstream of MOM-1 and MOM-2, and that in the absence of MOM-2 activity, the activities of not exhibit enhanced defects in gut specification (Thorpe et al., 1997) . Similarly, we found that mom-MOM-5 and DSH-2;MIG-5 can interfere with a parallel mechanism for gut induction. 5(RNAi) in the mom-1(or10) mutant background failed to enhance P2/EMS signaling defects and instead partially Taken together, the findings described here suggest that Wnt signaling and Src signaling function in parallel suppressed the gutless defect of mom-1(or10), resulting in 18% rather than 48% gutless embryos ( Figure 4C ), while in restored differentiation of the endoderm but did not embryos lacking src-1 function in EMS always failed to restore the A/P division orientation of the EMS cell (Table do so ( Figure 4D ). An identical set of experiments were 1). Finally, we examined POP-1 levels in mes-1(bn74); performed on mes-1 mutant embryos. Interestingly, we mom-2(ne141) and src-1(RNAi); mom-2(ne141) double found that mes-1
(ϩ) activity was required in both EMS mutants and found that POP-1 protein which is normally and P2 to orient the mitotic spindle of EMS (Figures 4E restricted to MS as a result of P2/EMS signaling was and 4F). Thus, SRC-1 functions cell autonomously in present at equal, high levels in both daughters of EMS EMS to control the EMS division axis, while MES-1 func-(data not shown). These findings indicate that MES-1/ tions in both cells. SRC-1 signaling collaborates with Wnt-signaling factors
We next wanted to examine the genetic requirements to downregulate POP-1and to specify the E cell fate.
for MES-1 protein localization. To do this, we first reSeveral genes previously implicated in P2/EMS signalmoved P2 from a wild-type four-cell embryo and then ing behaved as though they function in parallel with both immediately placed it back in a new orientation. We Wnt and Src signaling or lie below the convergence found that when P2 was placed back in such a way that in signaling. These included mom-4 (TAK1) and apr-1 it made contact with EMS, MES-1 protein localization (APC), as well as wrm-1 (␤-catenin) and lit-1 (Nemo/ was restored at the newly established P2/EMS contact NLK; Table 1 ). Consistent with previous studies, none site (arrow in Figure 4G ). MES-1 protein localization was of these genes appeared to have a role in controlling never observed at other P2 cell contacts. For example, the division orientation of EMS (Rocheleau et al., 1997;  when placed away from EMS in contact only with the Thorpe et al., 1997; Schlesinger et al., 1999), and muanterior blastomeres, no MES-1 protein was observed at tants in these genes failed to exhibit synergy for EMS P2 cell contact sites ( Figure 4H ). As described previously division defects in doubles with either Wnt or Src com-(Berkowitz and Strome, 2000), a remnant of the previous ponents (Table 1 and -1 mutants (Table 1 ). This finding suggests that 4I and 4J). As expected from previous staining of intact mom-4 and apr-1 function in parallel with both pathways src-1 mutant embryos, src-1(ϩ) activity was not required or function downstream of the convergence between in either P2 or EMS for MES-1 protein localization (data Wnt and Src signaling. mom-4 and apr-1 exhibited little not shown). Furthermore, as in intact embryos, we found or no genetic interaction with mes-1 (Table 1) , supportthat intense pTyr staining at junctions was correlated ing the idea that src-1 is more critical than mes-1 for with MES-1 protein localization at those junctions (data P2/EMS signaling (see Discussion). not shown). Thus, just as proper control of EMS division The finding that wrm-1 and lit-1 do not exhibit synergy orientation requires MES-1 in both cells, MES-1 protein for the control of EMS division orientation (Table 1) Signaling downstream of MES-1 requires SRC-1 activity in the EMS cell. However, it is clear that SRC-1 has signaling components, and more importantly, synergy occurs only between components of distinct pathways additional activities that do not depend on MES-1 activity. SRC-1 is required for phosphotyrosine staining that and not between components of the same pathway. For example, double mutants between mom-2 (Wnt) and its outlines each cell-cell junction in the early embryo until at least the forty-four-cell stage, and src-1 mutants arpresumptive receptor mom-5 (Frizzled) fail to exhibit synergy and exhibit wild-type P2/EMS signaling in rest embryogenesis without completing body morphogenesis. Furthermore, SRC-1 directs basal levels of tyrogreater than 90% of the embryos analyzed, a frequency similar to that observed in mom-5 single mutants (Rosine phosphorylation at the P2/EMS junction even in the absence of MES-1. Perhaps consistent with this finding, cheleau et al., 1997). In contrast, double mutants between either mom-2 or mom-5 and src-1 exhibit striking SRC-1 is more critical than MES-1 in controlling EMS division orientation and endoderm induction (see Table  synergy 
